Breast Cancer Research and Treatment
https://doi.org/10.1007/510549-020-05936-4

PRECLINICAL STUDY q

Check for
updates

Serial single-cell profiling analysis of metastatic TNBC
during Nab-paclitaxel and pembrolizumab treatment

Jiehui Deng'” - Aatish Thennavan? - Suhagi Shah’ - Ece Bagdatlioglu’ - Natalie Klar'* - Adriana Heguy? -
Christian Marier? - Peter Meyn?® - Yutong Zhang? - Kristen Labbe' - Christina Almonte' - Michelle Krogsgaard®> -
Charles M. Perou? - Kwok-Kin Wong'>® - Sylvia Adams'~

Received: 16 June 2020 / Accepted: 8 September 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

Purpose Immunotherapy has recently been shown to improve outcomes for advanced PD-L1-positive triple-negative breast
cancer (TNBC) in the Impassion130 trial, leading to FDA approval of the first immune checkpoint inhibitor in combination
with taxane chemotherapy. To further develop predictive biomarkers and improve therapeutic efficacy of the combination,
interrogation of the tumor immune microenvironment before therapy as well as during each component of treatment is crucial.
Here we use single-cell RNA sequencing (scRNA-seq) on tumor biopsies to assess immune cell changes from two patients
with advanced TNBC treated in a prospective trial at predefined serial time points, before treatment, on taxane chemotherapy
and on chemo-immunotherapy.

Methods Both patients (one responder and one progressor) received the trial therapy, in cycle 1 nab-paclitaxel given as
single agent, in cycle 2 nab-paclitaxel in combination with pembrolizamab. Tumor core biopsies were obtained at baseline,
3 weeks (after cycle 1, chemotherapy alone) and 6 weeks (after cycle 2, chemo-immunotherapy). Single-cell RNA sequenc-
ing (scRNA-seq) of both cancer cells and infiltrating immune cells isolated were performed from fresh tumor core biopsy
specimens by 10 X chromium sequencing.

Results ScRNA-seq analysis showed significant baseline heterogeneity of tumor-infiltrating immune cell populations between
the two patients as well as modulation of the tumor microenvironment by chemotherapy and immunotherapy. In the respond-
ing patient there was a population of PD-1"&"expressing T cells which significantly decreased after nab-paclitaxel plus pem-
brolizumab treatment as well as a presence of tissue-resident memory T cells (Tgy,). In contrast, tumors from the patient with
rapid disease progression showed a prevalent and persistent myeloid compartment.

Conclusions Our study provides a deep cellular analysis of on-treatment changes during chemo-immunotherapy for advanced
TNBC, demonstrating not only feasibility of single-cell analyses on serial tumor biopsies but also the heterogeneity of TNBC
and differences in on-treatment changes in responder versus progressor.
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Introduction

Immune checkpoint inhibitors such as the PD-1 inhibitor
pembrolizumab and PD-L1 inhibitor atezolizumab have
shown activity in early phase clinical trials of metastatic
TNBC with durable responses in a subset of patients [1-4].
The combination treatment regimen of atezolizumab with
nab-paclitaxel has been granted accelerated approval as
first immunotherapy for TNBC patient. Furthermore, we
and others have demonstrated that response rates and
progression-free survival can be significantly enhanced
when immune checkpoint inhibitors are combined with
the chemotherapeutic nab-paclitaxel [5, 6].

Taxane-based chemotherapy is considered a first-line
standard of care in metastatic breast cancer [7, 8]. It is
reported that Taxane-based chemotherapy exerts pleio-
tropic immune-modulating effects, and paclitaxel can pro-
mote dendritic cell maturation through a TLR4-dependent
manner [9, 10]. Nanoparticle albumin-bound-paclitaxel
(nab-paclitaxel) is an albumin-bound formation of pacli-
taxel that was developed to avoid allergic reactions asso-
ciated with intravenous administration of solvent-based
(sb)-paclitaxel (polyethylated castor oil and polysorbate
80) [11]. Nab-paclitaxel can be administered without ster-
oid premedication, which makes it an ideal partner for
combination with immunotherapy.

To further improve outcomes in TNBC, optimal chemo-
therapy combination partners for immunotherapy and opti-
mal sequencing of the therapies need to be defined based
on their individual modulation of the tumor microenviron-
ment, underscoring the need for biomarker analysis as well
as longitudinal analyses of tumors on treatment.

Here we serially profiled tumors from two patients with
easy to access metastatic TNBC who were treated with nab-
paclitaxel chemotherapy initially followed by the combina-
tion of nab-paclitaxel and pembrolizumab. One patient had
a partial response while the other patient showed rapid pro-
gression on therapy. We utilized single-cell RNA sequencing
(scRNA-seq) of 10 x genomics platform, which allowed us
to barcode each single cell and sequence around 4000 single
cells from each serial biopsy sample collected. We observed
significant differences in tumoral immune infiltrates between
responder and non-responder at baseline and on-treatment.

Methods
Study design and patients

Specimens were collected in a NYU IRB-approved clinical
trial (NCT02752685) and patients gave written informed
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consent. The trial is an ongoing Phase 2 chemo-immuno-
therapy study in metastatic breast cancer with the primary
objectives of safety and efficacy, as well as translational
endpoints exploring the tumor immune microenvironment.

The patients chosen for this report were based on rela-
tively easy access to tumor tissue for the serial biopsies
(breast, lymph nodes, pleural effusion) and enrollment
into the triple-negative cohort. Patients varied in extent
of metastatic disease, biopsy site and prior treatment
(one pretreated, the other de novo metastatic) but both
received nab-paclitaxel 100 mg/m? on Days 1 and 8 of
every 21-day cycle and pembrolizumab 200 mg on Day 1
of every 21-day cycle). In the first cycle, pembrolizumab
was omitted in order to conduct tissue analyses after treat-
ment with nab-paclitaxel alone. Biopsies were obtained
at baseline, after 1 cycle of nab-paclitaxel (between day
15-20 of cycle 1) and after the next cycle with combina-
tion nab-paclitaxel and pembrolizumab treatment (between
day 15-20 of cycle 2).

Sample processing

Triple-negative breast cancer immune cells were processed
as previously described [12]. Briefly, fresh TNBC core
biopsy tumor specimens were received in MACS Tissue
Storage Solution (Cat #130-100-008) on ice and minced in
10 cm ultra-low attachment dishes (Cat # 3262, Corning),
and digested with Rat tail collagenase IV (Cat # 17104019,
Life Technologies) for 30 min. Red blood cells were lysed
with ACK buffer (Cat # 420301, BioLegend) and single cells
were obtained and stained with DAPI (Cat # 422801, Bio-
legend) and Calcein (Cat # 425201, Biolegend). The BD
Aria III sorter was used with a 100 pm nozzle to sort live
(DAPI- Calcein+) single cells.

Single-cell library construction and 10x chromium
sequencing

The sorted cellular suspensions were loaded on a
10X Genomics Chromium instrument to generate single-cell
gel beads in emulsion (GEMs). Approximately 4000 cells
were loaded per channel. Single-cell RNA-Seq libraries were
prepared using the following: Single Cell 3’ Reagent Kits
v2: Chromium™ Single Cell 3' Library & Gel Bead Kit v2,
PN-120237; Single Cell 3’ Chip Kit v2 PN-120236 and i7
Multiplex Kit PN-120262" (10 X Genomics) as previously
described [13], and following the Single Cell 3’ Reagent Kits
v2 User Guide (Manual Part # CG00052 Rev A). Libraries
were run on an [llumina HiSeq 4000 as 2 X 150 paired-end
reads, one full lane per sample, for approximately > 85%
sequencing saturation.
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Alignment, barcode assignment and UMI counting

The Cell Ranger Single Cell Software Suite, version 1.3
was used to perform sample de-multiplexing, barcode ad
UMI processing, and single-cell 3' gene counting. A detailed
description of the pipeline and specific instructions to run
it can be found at https://support.10xgenomics.com/singl
e-cell-gene-expression/software/pipelines/latest/what-is-
cell-ranger

Data analysis

All scRNA-seq-derived gene matrices were analyzed using
Seurat R package v.2.3.4 [14]. Individual datasets first
underwent a stringent filtering criterion to construct a matrix
with relevant genes and cells. For a gene to be selected for
downstream analysis, it had to be present in a minimum of
three cells in the dataset. Similarly, for a cell to be selected,
it had to have a minimum of 200 uniquely mapped genes. In
addition, dead cells and cell doublets were regressed out by
calculating metrics like mito.percentage (mito genes/nUMI)
and unique gene mapped ratios (nGene/nUMI). These were
different for each individual scRNA-seq dataset usually with
the upper limit of mito.percentage ranging from 0.05 to 0.1
and unique genes ranging from 6000 to 8000. Subsequent
to these filtering steps, the dataset was ‘log normalized’ and
scaled according to the default Z-scoring in the Seurat pack-
age. Briefly, using the Seurat R package we identified cell
subpopulations by utilizing the most variable genes and the
significant principal component directions that divided these
variable genes into separate clusters as visualized by tSNE
plots. DE genes were calculated using Wilcoxon rank sum
test and the top 100 DE genes were calculated for individual
cell subpopulations. We then calculated the most variable
genes and principal component eigenvalues for the dataset
on those variable genes. Finally, we identified the cell sub-
populations using the ‘FindClusters’ Seurat function utiliz-
ing relevant PC space and a resolution ranging from 0.6
to 1.2. These subpopulations were visualized using tSNE
plots and individual cell subpopulation specific differentially
expressed (DE) genes were calculated by the ‘FindAllMark-
ers’ Seurat function.

For combining scRNA-seq datasets before and after
individual patient treatment, we utilized the canonical cor-
relation analysis (CCA) approach [14]. Briefly, each indi-
vidual dataset was filtered and scaled as described above.
Highly variable genes were calculated for each and the top
1000-2000 common genes between both the datasets were
extracted. CCA was then run using the ‘RunCCA’ Seurat
function and CCA subspaces were calculated which were
subsequently aligned by the ‘AlignSubspace’ Seurat func-
tion. Finally, we calculated cell subpopulations and per-
formed downstream DE analysis on this integrated dataset.

After this alignment, we derived DE data for individual
cell subpopulations, overall DE genes for each individual
treatment class and DE genes in cell subpopulations shared
within different treatment classes.

Results

Increased lymphocytes within tumor-infiltrating
leukocytes (TILs) from a responder TNBC patient
after nab-paclitaxel and pembrolizumab treatment

The responder patient (patient #1) is a 53-year-old female
who presented with de novo stage 4 TNBC with liver metas-
tases. She had not received any systemic therapy and serial
core biopsies were collected from the untreated breast pri-
mary. A baseline tumor core biopsy (#1a) was collected on
the same day before treatment (day 0), the second one (#1b)
after the nab-paclitaxel only cycle (day 16), and the third one
(#1c) after nab-paclitaxel and pembrolizumab therapy (day
43, 14 days since cycle 2 starts). The patient experienced a
partial response to treatment, maintained for one year.

Using unsupervised analysis, we identified a combined 14
different clusters from the three tumor samples from each of
the three time points (Fig. 1b). The clusters were visualized
on tSNE plots as follows according to top 100 differentially
expressed (DE) genes as previously published [15, 16] with
modifications: three clusters of tumor/epithelial cells (clus-
ters 7, 10, 12) with KRTS, KRT18, KRT19, KRT7 expres-
sion; tumor-infiltrating lymphocytes, including CD4+ PD-
1l (cluster 0, signature gene IL7R, LTB, CD3E, CCR7),
CD8+ PD-1'° (cluster 1, CD8A, CD8B, IFN, GZMB), PD-
1 T cells (cluster 3, CD2, PDCDI1, CD3D), T regulatory
cells (Tregs, cluster 5, FOXP3, IL2RA, IL10RA) and B cells
(cluster 2, CD79A, MS4A1); and tumor-infiltrating myeloid
cells, including NK cells (cluster 4, NKG7, KLRC1, GZMB,
GNLY), CD14+ (cluster 6, CD14, LYZ), macrophages (clus-
ter 8, CD68), CD16+ (cluster 9, FCGR3A), granulocytes/
monocytes (cluster 11, FCN1, MNDA, HCK, LYZ, CD14,
CD68) and plasmacytoid dendritic cells (pDC, cluster 13,
LILRA4, IL3RA, CLEC4C) (Fig. 1b, c, Supplementary
Table 1).

Among these 14 clusters of cells, there are a total of 970
immune cells from biopsy la, 317 cells from 1b and 4581
cells from 1c. The significant variation in specimen cellular-
ity across the 3 time points is possibly due to the size/quality
of the core biopsy and/or the impact of treatment. Due to the
low number of cells at the 2" time point, results have to be
interpreted with caution, and therefore we focus on immune
cell changes between baseline and the 3™ time point. The
most striking change on treatment was the significant expan-
sion of CD4"PD-1"% population (cluster 0) (Fig. 1d). This
population represented 13.1% of cells at baseline (1a), which

@ Springer


https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger

Breast Cancer Research and Treatment

A
§ nab-paclitaxel ®

TNBC nab-paclitaxel +Anti-PD1

patient 12 weeks 2-3 weeks
Core Core Core
biopsy biopsy biopsy

10x Genomics Chromium 10x Genomics Chromium 10x Genomics Chromium

Single-Cell RNA seq Single-Cell RNA seq Single-Cell RNA seq
B m #la m #1b m #ic

CD4
Ccb8

0-
1-

2-
3-PD-1+ T cells

4 - NK cells

5 - Tregs

6 - CD14+

7 - Tumor/epithelial
8-
9-

tSNE2
tSNE2

macrophage

]
u
u
| |
]
u
W 9-CD16+
u

13-pDC

tSNE1
M #1b

M #1a M #1c

Fig. 1 Single-cell RNA-seq (scRNA-seq) from a responder TNBC
patient (patient #1) undergoing chemo-immunotherapy. a Diagram
of the core biopsy samples collected from patient #1 during nab-
paclitaxel and pembrolizumab (anti-PD-1) treatment. Red, #1la, sam-
ple collected before treatment; green, #1b, sample collected after 1
cycle of nab-paclitaxel; blue, #1c, sample collected after treatment of
nab-paclitaxel and pembrolizumab. b tSNE analysis of the combined
scRNA-seq samples showed in panel A. Left panel, tSNE plot of

increased to 43.0% after pembrolizumab treatment (1c).
Notably, cluster 0 showed heightened expression of CCR7,
which marks circulating memory T cells that are activated
[17, 18]. CD8+T cells (cluster 1) comprised 15.7% of cells
at baseline (#1a) and remained relatively stable after pem-
brolizumab treatment at 12.4% (#1c¢) (Fig. 1d). The PD-1+T
cell population (cluster 3), however, was greatly reduced
from 16.3% at baseline (#1a) to 5.0% after treatment (#1c).
This suggests that pembrolizumab can efficiently target
intratumoral PD-1+T cells. Induction of PD-1 on T cells is
a hallmark of cancer, resulting in immune evasion [19]. Our
data also suggest T cells from cluster 3 produce IFNy and
not only express high levels of PD-1, but also high levels
of other co-inhibitory molecules including CTLA-4, LAG3
and TIGIT (Fig. 1c). These exhausted T cells (Tex) have
been reported to be a major target of PD-1 blockade and can
predict clinical outcome in other cancers such as melanoma
[20]. Consistent with reduced PD-1+T cells and increased
CD4+T cells, the percentage of intratumoral Tregs is also
reduced from baseline (8.3%) to 4.7% after the treatment
(Fig. 1d). CD14+ myeloid cells (cluster 6) were infrequent
and remained relatively stable after treatment (0.1% to 0.5%,
Fig. 1d).

Tumor/epithelial cell frequencies (clusters 7, 10 and
12) significantly decreased with therapy (14.8% to 3.8%),
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clustered cells overlaid with different colors representing each TNBC
patient biopsy. Right panel, clustering of different tumors or immune
subpopulation with different colors. ¢ Heatmap of top differentially
expressed (DE) genes from each cluster showed in panel B. d Cell
number corresponding to each cluster from individual samples. Left
panel, absolute cell count. Right panel, percentage of each population
among each biopsy collected

consistent with the clinically observed tumor response
(Fig. 1d).

Persistent myeloid subpopulations and reduced
T lymphocytes from a patient with disease
progression after chemo-immunotherapy

The non-responder patient (patient #2) is a 51-year-old
female who presented with recurrent disease while receiv-
ing adjuvant chemotherapy (oral capecitabine, previously
treated with neoadjuvant adriamycin, cyclophosphamide and
paclitaxel) with pleural and lymph node metastases as well
as malignant pleural effusions. The patient experienced rapid
progression during study treatment, consistent with primary
resistance to PD-1 blockade and died shortly after the study
from progressive cancer. Both pleural fluid (pf) and a biopsy
of a nodal metastasis (In) were obtained. Similar to the first
patient, the tumor biopsy at the 2nd time point yielded lim-
ited cells, and thus was not suitable for analysis. At baseline,
pleural fluid (#2a pf) and LN (#2a In) were collected 2 days
prior to treatment start. After nab-paclitaxel and pembroli-
zumab, both pleural fluid (#2c pf) and a LN core biopsy
(#2c In) were collected (day 31, 20 days since cycle 2 starts).
The biopsy of #2c¢ In did not meet the quality control (QC)
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requirement and was not sent for sScRNA-seq analysis; all
other three samples from patient #2 were further analyzed.

ScRNA-seq analysis of patient #2 showed a very distinct
distribution of immune cell infiltrates when compared to
patient #1 (Fig. 2a), with a total of 4746 cells from biopsy
#2a pf, 107 cells from #2a In and 1283 cells from #2c pf.
Due to low cell number collected from #2a In biopsy, we
observed significant lower cell number and percentage of
immune cells infiltrates comparing with baseline #2a pf
sample. In patient #2, we identified 13 subpopulations, with
significant dominance in myeloid cells (66.4% among all
cells from baseline sample #2a pf), compared with 29.6%
myeloid cells in patient #1 baseline sample (#1a). For #2a
pf, the myeloid subpopulations include CD 144 monocytes
(cluster 0, 1625 cells, 33.9%), CD68+ macrophages (cluster
2,529 cells, 11.0%; cluster 7, 125 cells, 2.6%), three differ-
ent DC populations (cluster 3, 508 cells, 10.5%; cluster 4,
323 cells 6.7%; cluster 11, 44 cells, 0.9%), and other myeloid
subpopulations (cluster 8, 1 cell, 0%; cluster 10, 38 cells,
0.8%) (Fig. 2b, c, Supplementary Table 2). Similar to what
we observed in the analysis of patient #1, CD14+ cells do
not respond to nab-paclitaxel plus pembrolizumab treat-
ment, and in patient #2, the CD 14+ population expanded
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Fig.2 Persistent myeloid subpopulations from a metastatic TNBC
patient progressed after chemo-immunotherapy. a Sample collection
diagram from patient #2 before and after nab-paclitaxel and pem-
brolizumab (anti-PD-1) treatment. Pleural fluid (PF) (#2a pf, red) and
lymph node (LN) (#2a In, green) samples collected before treatment;
pleura fluid (#2c pf, blue) collected after treatment of nab-paclitaxel
and pembrolizumab. b Immune infiltrates annotation shown as tSNE
plot of the combined samples collected from patient #2. The spatial
location between each cell was calculated by principal component
directions of most variable genes and visualized by tSNE plot. Left
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and increased to 50.8% post cycle 2 treatment (#2c pf). For
macrophage clusters 2 and 7, it mainly showed M2 pheno-
type rather than M1 with expression of CSFIR; this is in
contrast with Pt#1 whose infiltrates (cluster 8) show a M1
phenotype with CXCL9 and, CXCL10 and HLA-DR expres-
sion (supplementary Table 1, 2) [21]. Our analysis also
showed three different DC subpopulations in the baseline
biopsy sample (#2a pf), including conventional DC (clus-
ter 3, CD1C, HLA-DR, HLA-DQ, HLA-DP), plasmacytoid
DC (cluster 4, LILRA4, CLEC4C, GZMB, 1GJ) and BATF3
DC (cluster 11, CLEC9A, BTLA, BATF3, CD1C) (Fig. 2b,
Supplementary Table 2) [16, 22]. Dendritic cells are impor-
tant antigen-presenting cells, and BATF3 DC are critical
for antigen cross-presentation to stimulate cytotoxic T cell
immunity and effector T cell trafficking [22, 23]. However,
these three DC subgroups did not exert their immune sur-
veillance function in the progressing patient and these DC
subsets were found to be reduced after the treatment (#2c pf;
cluster 3, 4.3%; cluster 4, 0.3%; cluster 11, 0.2%) (Fig. 2a, ).

We identified two lymphoid subpopulations in the base-
line sample (#2a pf) of patient #2, CD4+ T cells (cluster
1, CD2, IL7R, LTB, CCR7) and cytotoxic T lymphocytes
(CTLs) (cluster 5, CD3E, GZMA). In contrast, patient
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panel, each dot represents one cell from each group. Red, #2a pf;
green, #2a In; blue, #2c pf. Right panel, annotation of total 13 clus-
ters of cell populations from patient #2 biopsies. Each subpopulation
of cells visualized using tSNE plot and specific DE genes. ¢ Heat-
map of expression levels of top differentially expressed (DE) genes
within each cell analyzed within each cluster identified correspond-
ing to panel. d Cell number counts for each cluster identified. Left
panel, each column represents total cell count for each cluster. Right
panel, distribution of each cluster cell numbers from each sample as
percentage in total cells
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#1 showed high expression of IFN and GZMB in the
CD8+ population (cluster 1), key factors for cytotoxicity of
CD8+T cells. These two factors are not detectable in the top
DE genes from patient #2 baseline sample (#2a pf). We did
not identify a distinct PD-1 high T cell population or B cell
population based on tSNE plot analyzed. Instead, PD-1 low
CD4+ and CD8+ were both reduced after treatment, as com-
pared sample after treatment (#2c pf), for both CD4+ cells
dropped from 26.2% at baseline (#2a pf) to 15.1% after the
treatment (#2c pf), and CTL decreased from 4.1% at baseline
(#2a pf) to 1.0% after the treatment (#2c pf). Taken together,
our analysis of this non-responding patient shows that the
combination treatment failed to unleash the T cells to acti-
vate anti-tumor immunity. Instead, the suppressive myeloid
infiltrates, especially the CD14+ subpopulation, persisted
and expanded at metastatic sites, leading to the progression
of the tumor. It has been reported from a clinical trial of met-
astatic melanoma patients undergoing nivolumab treatment
that high levels of CD14+HLA-DRCD11b+M-MDSC
(monocytic-myeloid-derived suppressor cells) before treat-
ment are associated with poorer PFS and OS [24]. MDSCs
have been shown to suppress immunity by blocking the acti-
vation and proliferation of CD8+and CD4+T cells, whereas
M1 macrophages have been shown to facilitate rejection of
established tumors [25, 26]. It has also been reported that
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Fig.3 Comparison between patient #1 and patient #2 biopsies.
a Comparison of baseline samples between patient #1 (#la) and
patient #2 (#2a pf) collected before the treatment. Left panel, com-
bined tSNE plot analysis of #1a and #2a pf. Red, #1a; pink, #2a pf.
Right panel, annotation of tSNE plot for each cell subpopulations.
b Comparison of after treatment samples from patient #1 (#1c, dark
blue) and patient #2 (#2c pf, light blue). The tSNE plots are colored
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MDSCs mediate local immunosuppression and the efficacy
of checkpoint blockade in a CXCR2-dependent manner [27].

Distinct immune infiltrates composition of the two
patients at both baseline and post-treatment
biopsies

To understand why these two patients responded differently
to chemo-immunotherapy, despite the fact that they are both
metastatic TNBC patients with high levels of immune infil-
trates in the tumor, we cross compared these two patients at
baseline before treatment (#1a) from patient #1 vs (#2a pf)
from patient #2 and post nab-paclitaxel and pembrolizumab
treatment (#1c) from patient #1 vs #2c pf) from patient #2).
It is important to point out that biopsies in patient #1 were
obtained from the breast cancer primary, whereas the sam-
ple of patient #2 used for this comparison was derived from
malignant pleural effusion. This may limit the conclusions
of our inter-patient comparison, whereas analyses presented
above discussed intra-patient changes when serial biopsies
were obtained from the same site.

As demonstrated by tSNE plot at baseline, we observed
that although at baseline both share the same cluster of both
CD4+ (cluster 1) and CD8+ (cluster 3) populations, the cells
from each patient are separated at different areas rather than

Bl #2a pf CD8
m #a

cD103 | -

#2aln #2c pf

mm #2c pf

m #ic £De

0 CcD103
0123456789101

Scaled Expression
o 1 2 3

by either cell group (left panel) or subpopulation annotation (right
panel). ¢ Cell number counts for each cluster identified and shown
by absolute cell count (upper panel) or percentage (lower panel). d
Try infiltration in each sample collected from patient #1 and patient
#2. CD8 and CD103 (ITGA) expression levels on each cell from indi-
vidual samples collected from patient #1 (upper panel) and patient #2
(lower panel)



Breast Cancer Research and Treatment

evenly distributed within the annotated cluster, indicating
that they exert distinct transcriptional profiling (Fig. 3a,
Supplementary Table 1). Further analysis of comparing
the two tumors at baseline for significant gene expression
fold change, the tumor of patient #1 shows an upregula-
tion of FOS, JUNB, CD69 and RPS26 in CD4+ T cells, and
an upregulation of RPS26, JUNB and RGS1 in CD8+T
cells (Supplementary Fig. 1, Table 3). Both Fos and Jun
proteins can form heterodimer and bind to AP-1 consensus
sequences, and activate downstream IL-2 expression through
NFAT, which will lead to T cell activation and proliferation
[28, 29]. In the meanwhile, co-stimulation is required for
enhanced production of IL-2 and other cytokines provided
by CD28 pathways [30], potentially indicating patient #1
is more prone to immune checkpoint blockade that inhib-
its co-inhibitory signaling. Increased CD69 in CD4+-cells
from patient #1 at baseline indicates there are more antigen-
experienced and activated T cells [31]. On the other hand,
the myeloid infiltrates are mainly seen at baseline in the
tumor of patient #2 (clusters 0, 2, 4, 5, 7 and 9). Unlike T
lymphocyte infiltrates, myeloid infiltrates form both patients
at baseline are evenly distributed rather than aggregate at
different areas (Fig. 3a).

When we compared the two post-treatment biopsies of
responding patient #1 (#1c) and non-responding patient
#2 (#2c pf), the remaining CD4+and CD8+T cells do not
separate in the analysis of both tumors, indicating similarity
at the transcriptional level (Fig. 3b). This similarity is fur-
ther confirmed by volcano plot analysis of comparing both
CD4+ and CD8+T cells between the post-treatment samples
(#1c and #2c pf), no major difference of upregulated genes is
observed (Supplementary Fig. 2, Table 4). On the other hand,
gene expressions of myeloid cell markers, such as CD14 and
CD68, are decreased in the non-responding patient (#2c pf).
Whether this has biological meaning remains to be explored.
Meanwhile, #1c has a much higher percentage of T cell infil-
trates when compared with #2c pf, including percentages of
CD4+(36.8% vs 8.9%), CD8+(22.6% vs 13.9%) and Treg
(10% vs 3%) (Fig. 3c). This is in contrast to the observed
lower frequency of CD4+- cells from the responding patient
at baseline biopsy sample #1a (12.6%) when compared with
the frequency of CD4+ cells in the non-responding patient
sample #2a pf (22.6%).

The CD8+T cell population of the responding patient at
baseline (#1a) showed characteristics of resident memory
T cells (Tgy, displaying the phenotype of CD8+CD103 +)
and this population was further expanded post cycle 2 treat-
ment (#1c). This contrasts with non-responder patient#2
samples, where no Ty,, were detected before (#2a pf) or
after treatment (#2c pf) (Fig. 3d). CD8+ Ty, tumor infil-
tration has been previously demonstrated in breast cancer
patients, where the Ty, gene signature was significantly
associated with improved patient survival in TNBC patients

[32]. Whether Ty, infiltration in TNBC tumor correlates
with response to anti-PD-1 treatment remains to be explored.

Conclusions

Here, we demonstrate feasibility of profiling serial biopsy
samples from TNBC patients that undergo chemo-immuno-
therapy using scRNA sequencing technology. By assessing
subsets of tumor-infiltrating immune cells on a single cell
level, we show a significantly different composition in the
pre-treatment tumor microenvironment as well as on-treat-
ment changes associated with response to PD-1 blockade.
The main differences observed at baseline included the pres-
ence of IFN+and GZMB+ CD8+T cells as well as Ty, in
the responding patient versus the presence of a dominant
myeloid infiltrate along with absence pf PD-1"2" T cells in
the non-responder. This is consistent with prior reports that
TRM in breast cancer are associated with improved prog-
nosis [32] and that tumor-infiltrating lymphocytes predict
response to immunotherapy [33]. The most striking differ-
ence in immune composition changes after the treatment
was the significant expansion of CD4+ PD-1"°" population
and decrease in PD-1+4T cell population in the responder
patient versus the expansion of myeloid cell populations in
the non-responder.

A limitation of our results is the small sample size of
two patients as well as the difference in prior treatments
which is a recognized prognostic factor, as patients with de
novo metastatic disease (such as patient #1) have a greater
chance of response to therapy versus patients with pre-
treated/chemotherapy-resistant disease (such as patient #2)
[5]. Furthermore, the different biopsy sites between the two
patients limit cross-baseline comparison as the immune
infiltrate can vary across primary and different metastatic
sites [33]. However, while only baseline and post-chemo-
immunotherapy samples yielded adequate cell numbers for
analyses, serial biopsies for each patient were taken from the
same site which allows intra-patient comparison of pre- and
post-treatment tumor samples.

It is of great need to generate a robust system that can be
used for core biopsy samples, to help identify predictive bio-
markers for immunotherapies [33]. Due to the scarce num-
ber of the cells obtained in these samples, the conventional
method of flow cytometry and other routine immunology
techniques remain challenging for serial biopsies. Through
the unbiased transcriptome analysis of different subpopu-
lations of immune cells, we are able to identify candidate
genes that may be critical for the outcome of the patient in
response to treatment. This is in contrast with flow cytom-
etry analysis which only has limited markers that can be
tested in each sample.
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It is not always feasible to perform scRNA-seq for
TNBC patients or other clinical samples, due to its com-
plex requirement for timing and the techniques. Instead,
standard immunohistochemistry is more widely used for
specimens obtained. As a newly emerged method that
provides much more informative data for the immune
composition of the tumors, scRNA-seq holds the promise
of providing indications for biomarkers and therapeutic
targets to guide future immunotherapy strategies when
properly used.
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